The synthesis of ribonucleic acid (RNA) and of protein in Escherichia coli during glucose-lactose diauxie lag have been examined. The rate of RNA synthesis is about 7%, of the corresponding rate during exponential growth and the rate of protein synthesis 10 to 15%. Inhibition of RNA synthesis occurs to the same extent in both rel and rel+ strains. The RNA which accumulates during 20 min in diauxie lag is composed of about 50% ribosomal and transfer RNA species and about 50% of a fraction which resembles messenger RNA (mRNA) in its heterogeneous sedimentation properties. Decay of the heterogeneous fraction occurs in the presence of glucose and actinomycin D with a half-life of 3 min, the same as that of pulse-labeled mRNA; however, during the diauxie lag, the half-life of this RNA is about 25 min. Accumulation of the heterogeneous RNA is further increased when protein synthesis is blocked by chloramphenicol. The data suggest that the disproportionate accumulation of mRNA during diauxie lag and energy source shift-down may be attributed at least in part to increased stability of mRNA, but do not rule out a preferential synthesis of mRNA.
The synthesis of ribonucleic acid (RNA) and of protein in Escherichia coli during glucose-lactose diauxie lag have been examined. The rate of RNA synthesis is about 7%, of the corresponding rate during exponential growth and the rate of protein synthesis 10 to 15%. Inhibition of RNA synthesis occurs to the same extent in both rel and rel+ strains. The RNA which accumulates during 20 min in diauxie lag is composed of about 50% ribosomal and transfer RNA species and about 50% of a fraction which resembles messenger RNA (mRNA) in its heterogeneous sedimentation properties. Decay of the heterogeneous fraction occurs in the presence of glucose and actinomycin D with a half-life of 3 min, the same as that of pulse-labeled mRNA; however, during the diauxie lag, the half-life of this RNA is about 25 min. Accumulation of the heterogeneous RNA is further increased when protein synthesis is blocked by chloramphenicol. The data suggest that the disproportionate accumulation of mRNA during diauxie lag and energy source shift-down may be attributed at least in part to increased stability of mRNA, but do not rule out a preferential synthesis of mRNA.
The synthesis of ribonucleic acid (RNA) in Escherichia coli is known to be controlled by a number of distinct mechanisms. The formation of specific messenger RNA (mRNA) species is regulated by specific cytoplasmic repressors or activators, whereas the synthesis of ribosomal and transfer RNA species is controlled by the cellular amino acid supply through the rel locus (2) . In strains carrying the "stringent" (rel+) allele, RNA accumulation is halted by any condition producing a deficiency of one or more amino acids. RNA synthesis continues under these conditions when the "relaxed" (rel) allele is present. Recent information (8, 11, 16) suggests that amino acid control does not affect the synthesis of mRNA.
Regulation of RNA synthesis by carbon or nitrogen source seems to involve an independent mechanism, insofar as it is indifferent to the state of the rel locus (14) . When E. coli is shifted to a poorer carbon or nitrogen source a transient inhibition of RNA synthesis ensues (4) . Conversely a shift to a medium which will support a higher growth rate evokes overproduction of RNA until the RNA content characteristic of the new growth rate is attained (4). Little is known about the mechanism of this growth rate regulation.
The growth lag ("diauxie lag") which E. coli experiences between exhaustion of a source of glucose and the beginning of growth on lactose may be viewed as a form of energy source shiftdown. This case is of particular interest for the regulation of RNA synthesis since it is known that at least one specific mRNA, that homologous to the Lac operon, is actively synthesized during the lag. Indeed, Naono et al. (13) MATERIALS AND METHODS Bacteria. E. coli K-12 (X) from the culture collection of I.C. Gunsalus was used for most of the experiments. The "relaxed" phenotype of this strain was confirmed by the valine-inhibition method (14) . E. coli K-12 strains CP78 (leu, his, arg, thr, thi, rel+) and CP79 (leu, his, arg, thr, thi, rel) were obtained from J. Gallant.
Growth of cultures. A phosphate-buffered basal medium described previously (6) was supplemented with 30 mm glucose for growth of inocula or with 2 mm glucose and 10 mm lactose for diauxie growth experiments. For growth of auxotrophs, the basal me- Isotope incorporation. The incorporation of radioisotopes into RNA or proteins was followed by placing duplicate 0.05-ml samples of labeled culture onto rectangles (1 by 1.25 inch) of Whatman 3MM filter paper. The papers were placed immediately into a beaker containing ice-cold 5% trichloroacetic acid and were subsequently treated by the method of Bollum (1) . The dried papers were folded lengthwise and placed in scintillation vials with 15 ml of scintillation medium.
Incubations with actinomycin. Cells labeled for 20 min in diauxie lag or for 5 min during exponential growth were collected by filtration and sensitized to actinomycin D by treatment with tris (hydroxymethyl) aminomethane (Tris)-ethylenediaminetetraacetate (EDTA) (16) . After EDTA treatment, the cells were suspended either in complete medium containing 2 mm glucose, 1 mm uracil, and 10 ,ug of actinomycin per ml, or in "diauxie medium." The latter medium was prepared by growing a culture into diauxie lag, removing the cells by centrifugation and adding 1 mm uracil and 10 ,Ag of actinomycin per ml to the supernatant medium.
Incubation with actinomycin was continued at 30 C with shaking, and, at intervals, 1 -ml samples of culture were pipetted into 1 ml of ice-cold 10% trichloroacetic acid. The precipitates were collected on glass fiber filters (Reeve-Angel) and washed with cold 5% trichloroacetic acid, and the dried filters were placed in scintillation vials with 15 ml of scintillation medium.
Radioactivity measurements. A scintillation medium containing 4 g of 2, 5-diphenyloxazole per liter and 0.1 g of 1 ,4-bis-2(5-phenyloxazolyl)-benzene per liter in reagent-grade toluene was used. Radioactivity was measured in a liquid scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill., model 3380) by using the factory-calibrated pushbutton settings for tritium alone, for carbon-14 alone, or for samples labeled with both isotopes. In the latter case, appropriate corrections were made for 14C counts appearing in the 3H channel. No quenching corrections were made, since the counting,efficiency for paper-absorbed samples was approximately constant.
Extraction of RNA. The procedure of Monier et al. (10) was followed, except that the phenol extractions were carried out at 65 C. All extraction steps were performed with gentle agitation to avoid shear degradation of the RNA. The final RNA precipitates were dissolved in 10 mM Tris-hydrochloride buffer, pH 7.0, containing 100 mm NaCl.
Sedimentation in sucrose gradients. Linear gradients of 5 to 20% sucrose in 10 mm Tris-hydrochloride (pH 7.0) containing 100 mM NaCl were generated in the apparatus described by Samis (15) . Samples of RNA (0.1 ml) were layered on the 4.9-ml gradients and centrifuged for 6 hr at 39,000 rev/min in the SW-39 rotor of the Spinco model L centrifuge at 5 C. 
RESULTS
Synthesis of protein and RNA in diauxie lag. When E. coli K-12 is inoculated into medium containing 2 mM glucose and 10 mm lactose a biphasic growth curve (Fig. 1) is obtained. The exponential growth on glucose ceases after about 2 hr and a lag phase (diauxie lag) of about 2 hr precedes the onset of growth on lactose. In our experiments, log-phase material was labeled during the first exponential growth phase and diauxie material was labeled starting about 20 min after the cessation of growth on glucose.
Although the synthesis of specific proteins and informational RNA species (e.g., ,B-galactosidase and its mRNA) is rapid during the diauxie lag (13) (Fig. 2) . Total protein synthesis, as measured by the incorporation of 'H-leucine, is 10 to 15% of the rate in log-phase cells (Fig. 3) . The diminution of RNA synthesis during the diauxie lag is apparently not related to the quantitatively similar control of RNA synthesis by amino acid supply. Comparison of RNA synthesis in log phase and diauxie lag by a "stringent" strain (CP78) and by the "relaxed" mutant CP79 (Fig. 2) shows that the inhibition of RNA synthesis during diauxie lag is indifferent to the state of the rel locus. In this respect, the diauxie control most nearly resembles the reduction in the rate of RNA synthesis which accompanies a shift of E. coli to a poorer carbon or nitrogen source (14) . Indeed, the diauxie lag might properly be regarded as an extreme shift-down in which the 4 6 a TIME (hours) growth rate goes from about 0.63 doublings per hr during growth on glucose to essentially no growth during the lag.
Nature of the diauxie RNA. To determine whether the various species of RNA accumulate during the diauxie lag in the same proportions as during balanced growth, a culture in diauxie lag was labeled for 20 min with "4C-uracil, the harvested cells were mixed with cells labeled for 20 min in log phase with 3H-uracil, and the purified RNA was sedimented in a sucrose gradient (Fig.  4A) . It is evident that the diauxie RNA is more heterogeneous than RNA synthesized during an identical period of time in log phase. A plot of the "IC/3H ratio for the gradient fractions (Fig.  4B) shows that the diauxie RNA contains a much larger fraction of RNA sedimenting between the 4S transfer RNA (tRNA) and the 16S ribosomal RNA (rRNA) peaks, a region usually ascribed to mRNA (10) . This heterogeneous material predominates in RNA appearing after 1 min of pulse labeling in log-phase cells (Fig. 4C ) but is not apparent in log-phase cells after a 20-min labeling period.
Reconstruction of the sedimentation profile of the diauxie RNA by combining the sedimentation profiles of pulse-labeled mRNA and stable (logphase) RNA suggests that the diauxie RNA consists of about 50% mRNA and a combined total of 50% of the 4S tRNA and 16 and 23S rRNA species. The heterogeneity of the "mRNA" frac- tion, however, is such that complete separation the RNA species is not achieved.
To determine whether significant amounts rRNA and tRNA are synthesized during I diauxie lag, advantage was taken of the fact ti these RNA species are metabolically stab whereas mRNA is unstable. Cells in diauxie were labeled with '4C-uracil, in the same mani as described for Fig. 4A , treated with EDTA, a incubated with actinomycin D under conditic which allow rapid decay of mRNA (see belo' After an incubation period approximately times the half-life of mRNA, the cells were mii with tritium-labeled log-phase cells and the RD was extracted. Sedimentation of the RNA ir sucrose gradient (Fig. 5) shows well-defined 16, and 23S peaks in the diauxie RNA after in bation with actinomycin.
If the radioactivity in the diauxie RNA is integrated over the gradient profiles of Fig. 4A and Fig. 5 and the resulting totals are normalized to the amount of tritium-labeled marker RNA present in each experiment, it is calculated that 52% t of the diauxie RNA has been rendered acid-U soluble during the incubation with actinomycin. U s This estimate of the unstable fraction agrees quite well with our previous estimate that the heterogeneous mRNA contributed about 50% to the gradient profile of Fig. 4A .
These data show that the various RNA species synthesized during diauxie lag do not accumulate in the same proportions as during exponential growth. The accumulation of radioactivity from labeled uracil in the mRNA fraction is far greater than is found for the same period of labeling in exponentially growing cells.
Metabolic stability of diauxie RNA. The accumulation of mRNA during diauxie lag might w result from the preferential synthesis of informas tional RNA, or may reflect only a decreased rate of metabolic destruction of normally unstable mRNA under the specialized metabolic condi-INA tions of the diauxie lag.
'ells The rate and extent of decay of diauxie RNA acil was therefore measured in the presence of actinoin mycin D. The data of Fig. 6 show that the decay 20 of diauxie RNA during diauxie lag is slow, rela-"sly tive to the decay pf pulse-labeled mRNA in log- Cells were labeled in diauxie lag as described for Fig.   4A and then incubated for 40 min with actinomycin and glucose as described in Materials and Methods. The harvested cells were mixed with cells labeled with 3H-uracil as described for Fig. 4A , and the RNA was extracted. 0, 14C radioactivity; and 0, 3H radioactivity.
VOL. 102, 1970 743 TIME (min.) FIG. 6 . Decay of pulse-labeled and diauxie RNA in the presence ofactinomycin. Cells (20 ml) in diauxie lag were labeled for 20 min with 4 jAc of 3H-uracil and then incubated with actinomycin as described in Materials and Methods. Incubation was in either complete medium with glucose (0) or in "diauxie medium" (EO). Cells (10 ml) in log phase were labeled for 5 min with 4 ,uc of 3H-uracil and then incubated with actinomycin and glucose as described in Materials and Methods (0). about 59% of the diauxie RNA is unstable under growth conditions. This estimate of a 59 % mRNA content is in fairly good agreement with the 50% mRNA content estimated from the sedimentation profiles ( Fig. 4A and Fig. 5 ).
When the data of Fig. 6 are corrected for stable RNA content and plotted as first-order decay curves (Fig. 7) , an estimate of the metabolic halflives of the RNA species can be made. Under growth conditions (glucose present) the unstable fraction of the diauxie RNA decays with a halflife of about 3 min, the same as that of the pulselabeled, log-phase RNA. During the diauxie lag, however, the diauxie RNA decays with a half-life of about 25 min. The observed accumulation of mRNA during diauxie lag may therefore be attributed at least in part to its greatly enhanced stability under the energy shift-down conditions of the diauxie lag.
It is interesting to note that the eightfold decrease in the turnover rate of mRNA during diauxie lag parallels closely the 7-to 10-fold reduction in the overall rate of protein synthesis during the lag (Fig. 3) . In terms of the frequently expressed notion of an obligate coupling between the breakdown of an mRNA and its translation (5, 9) , it is possible that the decreased rate of mRNA turnover during diauxie lag is the result of a generally decreased rate of protein synthesis.
The rate of protein synthesis may be further reduced during diauxie lag by the addition of chloramphenicol (CM), a treatment which is known to increase the stability of mRNA (3, 5) . As shown in Fig. 8 , the addition of CM evokes an increased rate of RNA accumulation during the diauxie lag. This increased rate of RNA accumu- lation is probably due to a decreased rate of mRNA breakdown rather than a true stimulation of RNA synthesis, since the sedimentation profile of RNA synthesized during diauxie lag in the presence of CM (Fig. 9) shows a greater content of the heterogeneously sedimenting mRNA fraction than even the "normal" diauxie RNA. For purposes of comparison, we may note that, in the normal diauxie RNA (Fig. 4A) , 33 % of the radioactivity sediments lower than 165, whereas 54% of the radioactivity in diauxie RNA made in the presence of CM sediments slower than 16S. Treatment with CM does not apparently increase the accumulation of the 16 or 23S rRNA species (Fig. 9 ).
DISCUSSION
These studies have shown that the control of RNA synthesis during diauxie lag very closely resembles the control exercised over RNA synthesis during an energy source shift-down. There is a 15-fold decrease in the gross rate of RNA accumulation, apparently the result of a regulatory mechanism quite distinct from the well known regulation of RNA synthesis by amino acid supply. Total protein synthesis is also substantially reduced, although the differential rate of ,3-galactosidase synthesis is actually higher than during exponential growth on lactose (13) .
The RNA which accumulates during diauxie lag is composed of two types: metabolically stable RNA which sediments like 4S tRNA and 16 and 23S rRNA species, and a second fraction which sediments heterogeneously in the range 4S to about 18S, the region usually ascribed to mRNA. This latter RNA also resembles mRNA in that it is metabolically unstable when cells are incubated in complete growth medium in the presence of actinomycin, decaying with a half-life of about 3 min. A similar metabolic half-life has been reported for both a gross messenger fraction (3, 5) and for specific mRNA species (7, 12) .
These similarities in sedimentation and decay properties, although highly suggestive, do not permit a conclusive identification of the heterogeneous component of the diauxie RNA as mRNA. It is possible, for example, that the heterogeneous component includes rRNA precursors which may be metabolically unstable when incomplete. The demonstration of additional properties usually attributed to mRNA, such as high degree of complementarity to deoxyribonucleic acid (DNA), attachment to polyribosomes, or messenger function in polypeptide synthesis, would be required to establish that the heterogeneous component is in fact mRNA. accumulating disproportionately because of increased stability.
(ii) The synthesis of stable RNA is depressed to a greater extent than that of mRNA.
Although none of the evidence presented here permits a choice between these hypotheses, two relevant facts are available. DNA-RNA hybridization data (5) suggest that the rate of mRNA synthesis is reduced to the same extent as that of total RNA after an energy source shift-down, the general effects of which, as noted previously, are very similar to those of the diauxie lag. On the other hand, the rapid expression of the Lac operon during diauxie lag (13) is inconsistent with a 15-to 20-fold reduction in the rate of synthesis of all mRNA species. It is of course possible that Lac operon mRNA escapes the (hypothetical) restriction on general mRNA synthesis, as Naono et al. implied in the term "preferential transcription," but a mechanism by which this might be accomplished is very difficult to imagine within the context of present knowledge of control of gene expression.
Distinction between these two hypotheses is, of course, essential to an understanding of the detailed mechanism by which control is exerted upon RNA synthesis during energy source shiftdown or diauxie lag. Although coordinate reduction of the rates of synthesis of various RNA species (hypothesis i) could be effected by inhibition of DNA-dependent RNA polymerase or by a general alteration in the metabolic state of the cells (e.g., a reduction in the nucleoside triphosphate pools), preferential control of the expression of the tRNA and rRNA cistrons would presumably require a more specific mechanism. 
